G proteins are an important family of signalling molecules controlled by gua-2 nine nucleotide exchange and GTPase activity in what is commonly called an 3 'activation/inactivation cycle'. The molecular mechanism by which guanine nu-4 cleotide exchange factors (GEFs) catalyse the activation of monomeric G pro-5 teins is well-established, however the complete reversibility of this mechanism 6 is often overlooked. Here, we use a theoretical approach to prove that GEFs are 7 unable to positively control G protein systems at steady-state in the absence of 8 GTPase activity. Instead, positive regulation of G proteins must be seen as a 9 product of the competition between guanine nucleotide exchange and GTPase 10 activity -emphasising a central role for GTPase activity beyond merely signal 11 termination. We conclude that a more accurate description of the regulation 12 of G proteins via these processes is as a 'balance/imbalance' mechanism. This 13 result has implications for the understanding of many intracellular signalling 14 processes, and for experimental strategies that rely on modulating G protein 15 systems. 16 Introduction 17 G proteins are an important and universal family of intracellular signalling mol-18 ecules, incorporating both the alpha subunits of heterotrimeric G proteins and 19 the Ras small monomeric G proteins. Most G proteins bind guanine nucleotides 20 (GDP, GTP) in a strongly conserved nucleotide binding pocket -an ancient 21 65 mathematical methods to investigate G protein regulatory systems independent 66 of measured kinetic rates, in the context of the physiologically important steady-67 state dynamics. This allows us to comment and draw conclusions on the qual-68 itative behaviours of G protein:GEF:GTPase systems under a wide variety of 69 conditions. 70
mechanism preserved in both eukaryotes and prokaryotes (Simon et al. 1991; Dong et al. 2007; Rojas et al. 2012) . Typically, G proteins transition between two 23 discrete conformations with distinct signalling functions depending on which 24 nucleotide is bound, and so G proteins are often referred to as 'molecular switches'. 25 G protein regulatory systems are crucial components of many intracellular pro-26 cesses -incorrect regulation of G proteins has been implicated in disease: cancer 27 (Young et al. 2009; Vigil et al. 2010; O'Hayre et al. 2013) , cardiovascular disease 28 mechanism has been overlooked is demonstrated by the sheer number of publi-48 cation which include diagrams where arrows corresponding to GEF-mediated 49 regulation are drawn as unidirectional -missing the reverse arrowhead high-50 lighted in Figure 1A . This error is perhaps best illustrated by its occurrence in 51 core biology textbooks, for example: exploring the consequences of the reversibility of the GEF mechanism. We use activation state reached by the system is suppressed -it is much reduced from 140 the activation state reached in the absence of GTPase activity. An increase in the 141 concentration of GEF is then able to positively regulate the system by moving 142 the activation state closer to the activation state reached in the absence of GTPase 143 activity (even though this state may itself be reduced).
144
For intrinsic GTPase activity we obtained an equation which describes the effect 145 of the relative rates of GEF-catalysed nucleotide exchange and GTPase activity 146 on the proportion of G protein which is active. This equation is plotted with 147 example parameters in Figure 3B , where we see a sigmoidal response such that 148 increasing the concentration of GEF (relative to the GTPase activity) increases 149 the concentration of active G protein. Again this allows us to hypothesise that, 150 for a healthy G protein system, the relative rates of nucleotide exchange and 151 GTPase activity must lie in this sigmoidal region, in order for the system to 152 properly respond to an activating or inhibitory signal.
153
Together, this clearly demonstrates a requirement for GTPase activity for the 154 observable activation of G proteins by GEFs. The proposed mechanism of reg-155 ulation for a generic G protein:GEF:GTPase system can be summarised as fol-156 lows: 1. GTPase activity inactivates the G protein system by altering the ratio of inactive to active G protein away from a GEF-mediated equilibrium. 2. If the 158 rate of guanine nucleotide exchange increases or the GTPase activity decreases, 159 the proportion of active G protein will then move towards the GEF-mediated 160 equilibrium, generating an observed activation.
161

Discussion
162
We have shown that there are certain universal properties of GEF-mediated reg-163 ulation of G proteins that arise from the reversibility of its mechanism and which 164 are independent of specific kinetic rates. The complete reversibility of the GEF 165 mechanism means that at steady-state any GEF acts to produce a constant ratio We urge caution against naïve description of GEFs as 'enzymes that activate G 172 proteins' and against representations that show this mechanism as irreversible 173 as we have shown how these shorthands distort our understanding of the un-174 derlying biology. We have demonstrated that GEFs should not be described as 175 enzymes that convert a substrate into product, but as enzymes that act to attain 176 an equilibrium-a balance-of active and inactive G protein. The two key roles 177 of GTPase activity are then: to drive the system away from this equilibrium-to 178 create an imbalance-and so permit positive regulation by GEFs; and to confer 179 a unique directionality on the G protein regulatory 'cycle'. Therefore we sug-180 gest that G protein signalling controlled by GEFs and GTPase activity should 181 not be described as an 'activation/inactivation' cycle but rather as a system that 182 is controlled through 'regulated balance/imbalance'. is the unique starting condition and where uptake of GTP is monitored as the 188 GEF assay. We also note that our simulations show that an artificial irreversible it may be difficult to experimentally distinguish these mechanisms.
192
the over-expression of a GEF are likely to produce unexpected behaviour. We 194 expect that in many cases this may cause inhibition of the G protein rather than 195 activation ( Figure 3A) . Activation of G proteins should therefore be preferen-196 tially targeted by reduction of the relevant GTPase activity ( Figure 3B ). Note 197 that these results remain consistent with the long-established use of dominant 198 negative mutants for the inhibition of G protein systems (Feig 1999; Barren and 199 Artemyev 2007). We accept that many previous studies that have ignored the 200 reversibility of GEFs will have made conclusions that are valid under many con-201 ditions. But we stress that in extremal scenarios (such as in disease) those con-202 clusions may not always hold.
203
Additionally, we hope that this new perspective in considering the control of 204 G proteins will lead to novel approaches for the control of G protein systems. 205 GEFs have previously been suggested as potential therapeutic targets (Bos et al. would have no effect but where sequestration of active G protein by a GEF may 212 be useful alternative.
213
The mathematical underpinning to our results mean that they should hold for 214 any G proteins:GEF system so long as the mechanism is consistent with that 215 studied here ( Figure 1A) , and under the reasonable assumption that the ma-216 jority of its functional signalling is due to the steady-state behaviour. The pre-217 cise tradeoffs for any system (equilibrium ratios, total rates, and scale of inhi-218 bition) will depend on the specific kinetic rates for the GEF and the strength of The following mathematical analysis uses the notation:
The volume concentration of a species S will be denoted by [S] . Figure 1B) was derived using the law of mass-action:
We assume: for systems with no GTPase activity, f GTPase = 0; for systems 234 with intrinsic GTPase activity, f GTPase = k ase [G GTP ]; and for systems with GAP-
There is an equation for the conservation of mass of GEF:
And an equation for the conservation of mass of G protein:
Simulation of the mass-action model 240 The parameters used for the simulations in Figure 2 are summarised in Table   241 S1. Wherever possible, parameters measured for the Ran:RCC1 system were 242 used (Klebe et al. 1995 ). The irreversible model was generated by setting k 7 = 0.
(Alternative irreversible models could be generated by setting any one or more 244 of the reverse reaction rates to zero.)
245
All simulations were started from steady-state and generated by numerical in-246 tegration of the mass-action equations, with the exception of free enzyme con- Figure 1B) were derived using the framework of Gunawardena 255 (2012) ( Figure S1 ):
where the K x i and the K i are summary parameters (defined in Table S1 ).
257
These quasi-steady-state solutions were substituted into the equation for the 258 rate of change of [G GTP ] given in the mass-action model, to obtain a quasi-steady-259 state model for a generic GEF acting on a generic G protein:
where k cat is the forward catalytic rate; κ is the ratio of the backwards to the 261 forwards kinetic rates, multiplied by the ratio of GDP to GTP. At steady-state with f GTPase = 0, equation (3) implies:
Assuming that e 0 ≪ g 0 , equation (2) (4) can be substituted to obtain:
This is the maximum steady-state proportion of active G protein. 273 The effect of increasing the concentration of GEF on the steady-state concen- 
272
Active G protein as a function of GEF concentration (without GTPase activity)
= (κ + 1)[G GTP ] 2 + 2b[G GTP ] − K s g 0 where b = 1 2 (e 0 − g 0 + (κ + 1)K s ) and K s = K 0 (K 1 κ+K 2 ) .
279
This quadratic equation has one positive solution:
Alternatively, the proportion of active G protein is:
We are interested in the rate of change of [G GTP ] with respect to e 0 , the total 282 concentration of GEF. As b (and only b) is a function of e 0 , we can examine:
As this equation is always negative, the concentration of active G protein must 284 decrease as the concentration of GEF is increased (and vice-versa).
285
Active G protein as a function of GEF concentration (with GTPase activity) 286 The effect of increasing the concentration of GEF on the steady-state concentra-287 tion of active G protein with GTPase activity ( f GTPase = k ase [G GTP ]) was investi-288 gated.
289
At steady-state
whereκ = k cat e 0 k ase .
291
Again assuming that e 0 ≪ g 0 , equation (2) into which equation (6) can be substituted to obtain:
294
This quadratic equation has one solution that lies in the region 0 ≤ [G GTP ] ≤ g 0 :
This equation describes the steady-state concentration of active G protein as a 297 function ofκ, the ratio of the rate of forwards GEF-mediate nucleotide exchange 298 to the rate of GTPase activity. lights that the GEF mechanism is completely reversible. when GTPase activity is present. 426 Simulation of mass-action models, using parameters described in Table S1 , and The relationship between the concentration of GEF and the steady-state propor-440 tion of active G protein (equation (5), equation (7)) illustrated using parameters 441 described for the Ran:RCC1 system (Klebe et al. 1995) and unit concentration 442 of G protein. The activation cannot be increased above a theoretical maximum equilibrium value derived from the ratio of the total forwards and backwards 444 catalytic rates of the GEF (κ). The shaded region denotes the region which is 445 most likely to be physiologically relevant.
446
A In the absence of GTPase activity (equation (5)), increasing the GEF concentra-447 tion can only decrease the steady-state concentration of active G protein, instead 448 producing irrelevant GEF·G protein complexes.
449
B In the presence of GTPase activity (equation (7)), the steady-state concentra- Table S1 . 466 Concentrations, kinetic parameters, and summary parameters used for 
Figure S1
A K s 2.069 × 10 7 5.500 × 10 −7 K 0 (K 1 κ+K 2 )
